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1.  INTRODUCTION 

This  paper  reports  on.  the  development  of  a simulation  of  a 
constant  innut  tor^^  pin_  pallet  runaw^'y  escapement  *by  the  present 
authors  [ij-^.^The  resulting  program  provides  a basic  cool  for  the 
analysis  and  synthesis  of  various  safing  and  arming  devices. 

. j « The  dynamics  of  the  regir.es  of  motion  of  the  escapement 
have  been  formulated.  Coupled  motion,  with  continuous  contact 
between  escane  wheel  tooth  face  and  pallet  pin,  impact  of  the  pin  on 
the  tooth  face  and  uncoupled,  or  free,  motion  of  these  mechanism  ccr,- 
ponents  were  considered.  The  associated  regime  equations  apply  to 
entrance  as  well  as  exit  conditions.  Sensing  expressions  for  the 
determination  of  the  instantaneous  positions  of  the  pallet  pin  and 
the  escape  wheel  form  the  basis  of  the  controls  of  the  computer  pro- 
gram. In  addvtioh^  the  sensing  enuations  indicate  the  nresence  of 


such  nathological  conditions  as  tin  or  back  face  contact.  The  simu- 
lation  han  ■been,  applied  to  the  timing  mechanism  of  the  MF25  fuze. 

The  influence  of  changes  in  such  narameters  as  escane  wheel  innut 
torque,  pallet  moment  of  inertia,  center  distance,  nallet  radius,  etc., 
on  the  mechanism  delay  time  hav^feoon  explored  in  detail  by  apnroori- 
ate  computer  runs.  The  results ,-whieh-are  ehown— cornnare 

favorably  with  existing  experimental  data. 

h- 

/■  . 

This  effort  represented  an  extension  of  the  work  of  M.  E. 
Anderson  and  S.  L.  Redmond  [2].  New  methods  of  contact  kinem.atics 
for  the  counled  motion,  of  contact  sensing,  and  of  com.nutational 
?:[l]  Numibers  in  brackets  refer  to  rc^ences  in  section  7- 


78  06  09  104 


DISTRIBUTION  STATEMENT  A 
Approved  for  public  release; 


^11 


"1 


L0^-7E:I  i ^TEPPEE 

controls  vere  developed.  | 

2 . DsscRiPTio::  c?  :'OTiO:T  R7'1I':es  aejd  se::2I7g  tools 

The  folloving  describes  the  various  dynamic  rerisies  of 
the  sir.vLlaticn , together  with  the  applicable  sensing  parameters. 

A.  COUPLED  '-TOpToy 

Figure  1 shows  the  entrance  pallet  pin  as  it  is 
driven  in  coupled  motion  by  tooth  ’’^o.  1 of  the  escape  wheel.  The 
escape  wheel  angle  <f>  is  defined  by  the  line  from  the  escape  wheel 
pivot  O3  to  the  tip  of  the  contacting  tooth  (or  the  one  about  to 
make  contact)  and  the  center  line  connecting  O3  to  the  pallet  nivot 
O-p.  Similarly,  the  angle  which  is  defined  by  the  line  from  0^  to 
tlie  active  pallet  pin  center  (entrance  or  exit)  and  the  center  line, 
describes  the  motion  of  the  pallet.  The  escane  wheel  is  driven  by  the 
constant  moment  T in  the  positive  direction  of  rotation.  iThile  it  is 
asstimed  that  friction  acts  on  the  nallet  pin-escane  wheel  tooth  inter- 
face, it  is  neglected  at  both  pivot  pairs  since  investigation  showed 
that  its  effects  are  neeligible  when  the  nivot s are  of  the  usual  small 
diameter.  The  m.athematical  descrintion  of  coupled  motion  is  furnished 
by  a non-linear  second  order  differential  ecuation  in  the  escape 
wheel  angle  </>.  The  presence  of  the  pallet  is  reflected  back  to  the 
escape  wheel  in  terms  of  a position  dependent  r.oment  of  inertia. 


Entrance 

Side 


£jt1t 
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The  quantity  £,  which  represents  the  distance  from  the 
contact  point  to  the  tip  of  the  escape  wheel  tooth,  is  used  to 
determine  the  prog-ress  of  coucled  motion,  '"nee  the  anhle  has  been 
determined  from  the  solution  of  the  differential  equation,  both  4’ 
and  g may  be  computed  from  appropriate  kinematic  relationships. 

B.  FREE  MOTIOii 


V/hen  coupled  motion  is  completed,  i.e.  g=0,  or  w'hen 
separation  of  contact  occurs  after  impact,  escape  wheel  and  pallet 


Figure  2 Free  Motion 


.move  independently  of  each  other  in  free  motion.  Figiure  2 shows  this 
free  notion  for  the  exit  phase  of  the  action,  i.e.  the  exit  pallet 
pin  is  about  to  make  contact  with  tooth  ho.  2 of  the  escane  wheel. 

The  constant  torque  T continues  to  act  cr.  the  escape  wheel,  while  the 
notion  of  the  pallet  depends  only  on  its  initial  conditions.  Again, 
any  frictional  retarding  moments  of  the  pivots  are  neglected.  The 
motions  of  both  com.ponents  are  represented  by  simple  linear  2nd  order 
differential  equations.  During  this  regime,  position  sensing  is 
accomplished  with  the  heln  of  the  quantities  g'  and  f.  The  first  of 
these  quantities  represents  the  distance  of  the  pallet  pin  center  from 
the  tip  of  the  escape  wheel  tooth,  while  the  second  m.easures  the  dis- 
tance between  the  pallet  pin  and  the  tooth  face.  The  solutions  to  the 
individual  differential  equations  provide  the  angles  <f>  and  ip . These 
are  used  to  determine  the  above  sensing  parameters. 

C.  IMPACT 


Impact  follows  free  motion  when  both  f=0  and  g'<0. 
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Figure  5 shows  a schematic  representation  of  the  pin 
pallet  escapement  and  indicates  its  basic  geometric  nomenclature. 


^ Escape  wheel 


Fig\ire  5 Escapem.ent  Nom.enclature 

a = Distance  between  pivots  0 and  0 
b = Escape  wheel  radius  ^ ^ 

c = Pallet  radius  (equal  on  entrance  and  on  exit  side) 
r = Pallet  pin  radius  (equal  on  entrance  and  on  exit  side) 
a = Escape  wheel  tooth  half  angle 
6 = Angle  between  escape  wheel  teeth 
X = Angle  between  pallet  radii 

1*.  DESCRIPTION  OF  COf-!PUTER  PROGRAM 

The  following  gives  the  essential  steps  of  the  com.pute 
program‘s.  Figure  6 represents  the  associated  flow  chart.  The  main 
program  starts  the  simiulation  with  coupled  motion  on  the  entrance  side 
for  a starting  angle  (p  = 135°-  The  total  escape  wheel  angle  is  set 


The  program  shown  is  written  in  FORTRAN  for  the  CDC  System  at 
ARRADCOM,  Dover,  NJ. 
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This  choice  of  start inr  an.rle  rerreser.ts  the  anr-roxirate 


niidpciiit  of  the  co'aplei  motion  of  the  example  mechanism.  The  compu- 
tation  is  terminated  eitlier  when  t = .1  seconds,  or  when  the  total 
escape  wheel  angle  equals  310'^.  (See  Section  >E). 

A.  COUPLED  inTIO?:  (location  100) 

To  solve  the  differential  equation  of  coupled 
motion,  the  main  program  calls  on  a fourth  ordei'  Punge-Kutta  I'outine” . 
The  angles  (P  and  f,  the  total  escape  wheel  angle,  the  angular 
velocities  $ and  'P>,  as  well  as  the  control  parameter  g are  computed 
for  each  tine  increment.  The  program  continues  coupled  r.cticn  under 
the  following  circumstances: 

(1)  As  long  as  g<0,  (Because  of  the  nature  of  the 
coordinate  system,  g is  always  negative  while  the  pallet  pin  can  make 
contact  with  the  escape  wheel  tooth. ) 

(2)  As  long  as,  for  a positive  (CCW)  rota,tion  of  the 
escape  wheel,  a succeeding  absolute  value  of  is  larger  than  the  one 
obtained  from  the  preceding  computation.  This  condition  is  r.ecessery, 
since  in  coupled  notion  when  ^ is  positive,  the  escape  wheel  can  only 
drive  the  pallet  but  not  slow  it  down.  If  such  a slowdown  is  indi- 
cated, it  means  that  pallet  and  escape  wheel  have  separated  and  that 
free  motion  is  taking  place.  A siriilar  control  is  provided  for  a 
negative  rotation  of  the  escape  wheel,  which  may  occur  after  impact. 
When  coupled  motion  is  terminated,  control  is  shifted  to  the  sub- 
routine containing  the  free  motion  equations  (location  200).  This  is 
done  directly  if  g<0.  In  case  that  g?0,  the  main  prcmram  r.ust 
ascertain  whether  the  preceding  com.putatior.s  ha.ve  been  made  for  en- 
trance or  exit  conditions,  and  accordingly,  on  which  side  the  next 
contact  will  occur.  In  the  sample  m.echanism,  g=0  when  0 is  approx- 
imately 1^6°  at  entrance  and  approximately  207°  at  exit.  Thus,  if 

g > 0 and<^6l50°,  all  possibility  for  entrance  contact  is  ended  and  ^ 
must  be  incremented  by  the  tooth  angle  S (see  Figures  2 and  ‘^)  while 
^ must  be  incremented  by  the  angle  2'^— Oand  <i>  15Cf-  » 
entrance  action  follows  exit  action  and  <i>  must  be  decremented  by  the 
angle  28  (see  Figure  h,  where  the  new  top  tooth  Uo.  3 comes  into  action), 
At  the  same  time,  the  pallet  angle  is  decremented  by  -2m+A. 

B.  FREE  MOTIOiT  (location  200) 

After  transferring  the  aprrorriate  initial  values 
from  the  main  urogram,  the  subroutine  ccntainir.T  uhe  free  moticn 

3rkGS  Routine,  IB”,  3ystem/3b0  Scientific  Subroutine  Package, 
(360A~CM-0X3)  Version  III. 


f 


1 


\ 


LOV.T.N  & *TI:;?r£R 

equations  computes  the  sub.'equent  pc.o._  .ions  and  nr  ulnr  vslocitiec  cf 
pallet  and  escape  wheel.  In  addition  to  the  above  cr.antities,  the 
total  esrane  wheel  angle  is  continually  comnuted.  The  decision 
whether  or  not  to  rer.ain  in  this  outrcutine  is  rrade  with  the  heln  of 
the  sensing  parameters  f and  g' . 

If  f>0  and  g'<0,  free  motion  is  continued  without  indexing.  If 
f>0  and  g'>0,  free  notion  is  also  continued.  Since  now  contact  is  no 
longer  possible,  indexing  takes  place. 

If  f<0,  control  is  returned  unconditionally  to  the  main  progran. 
If  it  finds  in  addition  that  ^'>0,  indexing  takes  place  and  control  is 
given  back  to  the  free  notion  subroutine.  In  case  that  both  f^  and 
g'<0  contact  is  about  to  take  place  (or  actually  has  just  occurred). 
The  program  must  nc'.r  decide  whether  this  contact  just  represents  a 
close  approach  which  will  be  followed  by  further  free  motion,  or 
whether  it  is  the  beginning  of  coupled  motion.  To  this  end,  the 
quantities  Vp  and  Vp,  which  stand  for  the  velocities  normal  to  the 
pallet  and  escape  wheel  contact  points respectively , are  computed  in 
the  entrance  and  exit  free  motion  tests'^.  The  first  three  cases  of 
of  the  entrance  free  m.ction  test  of  the  r.nin  pro_gram  are  illustrated 
by  Figure  7.  With  both  angular  velocities  and  positive,  the  follow- 
ing three  possibilities  exist; 

(1)  If  |Vp|>|7s!,  contacting  surfaces  will 
separate  again  and  free  notion  will  occur.  Control  remains  with  the 
free  motion  subroutine  (location  200). 

(2)  If  |Vp|  =|Vs|,  the  escape  wheel  will  start  driv- 
ing the  pallet  in  coupled  motion,  and  control  must  be  transferred  to 
the  coupled  motion  subroutine  (location  100). 


Figure  7 Entrance  Free  ’lotion  Test 

(<A  and  ^ are  positive  and  distance  f is  exaggerated) 


Under  the  present  circumstances,  if  ^<150°,  only  top  contact  can 
follow,  while  <t>>1^0°  means  that  bottom  contact  will  occur. 
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-Li  '“p'  '‘3»  inpact  1,’ill  occur,  and  ccrtrcl  r.ust 
be  given  to  tV.e  irpact  subroutine  (location  300). 

The  reminder  of  the  free  motion  tests  are  constructed  aJong 

similar  lines  for  different  combinations  of  angular  velocity  directions 
C.  I?iPACT  (location  300) 

The  subroutine  containing  the  impact  equations  uses 
the  current  values  of  the  ang’ular  velocities  and  v-  , and  comnutes  the 
post-impact  angular  velocities  and  ij/^  according  to  classical  rigid 
body  impact  theory.  (The  tangential  impact  due  to  friction  has  been 
neglected). 

After  impact,  control  is  returned  to  the  main  nrogram,  and  it 
must  be  decided  whether  free  or  coupled  motion  follov.'s.  This  is 
accomplished  by  comparing  the  post-impact  velocities  and  V3  in  the 
impact  tests;  These  are  similar  to  the  free  motion  tests. 

If  the  contact  velocities  are  vector iall;/  equal  to  each  other,  or 
if  the  absolute  value  of  the  difference  of  their  absolute  m.agnitudes 
is  less  than  2.0  in/sec  (considered  a small  quantity),  control  ir 
transferred  to  counled  motion.  If  this  velocity  difference  is  greater 
than  the  above  criteria,  computation  is  transferred  to  free  motion. 

5.  EXAMPLE  '-SCH-ffilS'I 

The  pin  pallet  escapement  of  the  ”525  fuze  was  used  as 
an  example  mechanism.  The  following  first  gives  the  dimensions  of  the 
basic  escapement  (standard  configuration)  and  then  discusses  certain 
other  data  and  com.puted  values  which  are  of  importance  for  the  com- 
puter simulation. 

A.  DIMENSIONS  OF  PTA:T)APD  COPFIGLtPA-TIOIT  (See  Fig.  5) 


dimensions: 


The  standard  configuration  has  the  following 

a = .193  in.  (mean  center  distance)  b = .1583  in. 

c = .0968  in  r = .0136  in. 

a = k0°  X = 109.337° 

I = .91  X 10”  Ib-sec^^-in.  (moment  of  inertia  of  pallet) 
P -7  2 

I = .17  X 10  lb-sec  -in. (moment  of  inertia  of  escape 

wheel ) 
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B.  GEAR  tra::; 

The  escape  wheel  of  the  *'525  fuze  is  driven  ty  a 
clock  spring  through  a step-up  gear  train  of  ratio  ^*5.98.  The  tiniiig 
function  of  the  fuze,  which  involves  a delay  of  teti.'een  two  and  foiu” 
seconds,  is  accoirplished  once  the  spring  has  rotated  the  innut  gear 
through  310°  and  with  that,  the  escape  wheel  through  ^^5*93  tives  as 
many  degrees.  Since  the  beat  of  the  escapement  is  genera,lly  well 
stabilized  after  'ne  teeth  cycle,  the  total  fuze  time  may  be  ob- 
tained by  multiplying  che  tim.e  cerresponding  to  310°  cf  escape  wheel 
rotation  by  the  above  gear  ratio. 

C.  STA!ir.V'.P.D  TORfL'w  Tjg^jg  pyg  SIMJLATIC!- 

Measurements  on  actual  fuzes  showed  that  the 
initial  torque  on  the  escape  wheels  varied  between  .0177  and  .031  in- 
lb. Since  the  angle  of  rotation  of  the  input  gear  is  small,  the 
decrease  in  torque  is  also  relatively  small.  Therefore,  a constant 
torque  was  assumed  in  the  simulation,  and  its  standard  value  was 
chosen  to  be  .0177  in-lb. 


D.  OTHER  DT'i7”SI0’'S  7ES0C‘’’^'^mD  '.■.'"'’z'w  gT'.TD^lPD 
COHEIGUPATIO:!' 

For  purposes  of  control  in  the  computer  program  the 
following  dimensions  are  of  interest. 

The  maximum  miagnitude  for  the  dim.ension  g,  associated  with 
coupled  motion  is 

%IAX  ~ ”'^55  in. 

This  occurs  for  the  entrance  condition  when 


gmn 


132. U° 


Because  of  this  value,  the  program  is  started  in  coupled  motion 
for  <t>  = 135°.  For  exit  action,  this  angle  becom.es: 

^gmx  = 187° 


The  escape  wheel  angle  corresponding 

For  entrance  action  its  magnitude  is  given 

, o 

'Pgon  = II46.3 

This  angle  is  responsible  for  the  som.ewhat 


to  g=0  is  also  of  interest, 
by 

larger  indexing  criterion 


/ 
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of  150^'.  (See  Section  For  exit  action,  jthis  ang?Le  becomes; 

4,  = 206.512° 

6.  IliFLUEIiCE  OF  VARIOUS  "’AFAiTTER  CIUFGES  OTT  THF  TOTAL 
FUZE 


The  following  reports  on  the  results  of  nunerous  com- 
puter runs  in  which  a single  input  or  geometric  parameter  was  varied 
in  order  to  determine  its  influence  on  the  total  fuze  time.  In  all 
cases,  M = .3  and  e = .25. 


rise 

(sec.) 


Torque 

(Lb-in) 

Fig’ore  8 Influence  of  Escape  VJheel  Torque  on 
Fuze  Delay  Time 

Figure  8 shows  the  influence  of  the  escape  wheel  torque.  One  may 
compare  these  timing  resiilts  with  those  obtained  from  the  well  known 
empirical  expression: 


W 


If  and  represent  fuze  time  and  torque  associated  with  the 
standard  configuration,  one  obtains  from  the  above: 

"1 


For  T^  = T5Tj^  : t^ 


= 3.22  seconds 


and  for  T, 


1.25T^  : t^=  2.79 


hh 


= 2.U9 


seconas 


The  results  of  the  simulation  show  excellent  agreemient  with  this  em- 
pirical relationship,  which  has  been  confirmed  time  a.nd  again  by 
experiment . 
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LO  Influence  of  Pallef-E 
Distance  on  Fuze  Deia; 
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igare  10  indio^-te?  that  the  fuse  tirr.e  incr-eaeer,  as  the  center 
istance  "a"  is  increased.  For  a total  increase  of  . jOT  inches  t 
inie  increase  is  approximately  7?.  This  resvlt  is  g'=rierally  ccnf 
by  the  experimentation  of  [2]. 


le 
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Figure  H Influence  of  Pallet  Radius  on  Fuse  Delay  Tire 

Figure  11  shows  a continuous  and  quite  dramatic  decrease  in  fuze  tim.e 
as  the  pallet  radius  "c"  is  varied  throurh  .008  inches.  Fxrerim.en- 
tation  in  [2]  gives  a good  correlation  with  this  result  of  the  simu- 
lation. 


E.  li'IFLUENCE  OF  COFFFICIFTTT  OF  '^.ICTI'^'T 


Trlction  « 

Figure  12  Influence  of  Coefficient  of  Friction  of 
Coupled  Motion  on  Fuze  Delay  Time 
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Figure  12  indicates  the*  the  fu^.e  t;r;e  increases  es  the  ecef'‘'icien'^ 
of  friction  is  incre'-C'-^d.  One  vould  exnece  that  an  increase  of 
energy  dissipation  will  slow  the  mechanisr.. 

F,  INFTUF^JC'R  0^  r]-:;'  prr^'7^T'^’|^’F^Tf)Ty 

According  to  Figure  13,  the  fuze  tir.e  increases  cen- 
sidei'ably  as  the  coefficient  of  restitution  lis  varied  froci  0 to 
Reference  [l]  shows  that  for  e = 0,  coupled  r.oticn  follov.’s  irrediately 
after  impact.  Knen  f = .5,  entrance  action  consists  of  four  iv.nacts , 
three  of  which  are  followed  hy  free  motion  while  the  '^ourth  is  fol- 
lowed by  coupled  notion.  Fxit  action  shows  two  imnacts  with  the  last 
one  followed  by  coupled  notion.  Each  of  the  impacts  is.  followed  hy 
escape  wheel  reversal.  These  multiple  impacts  and  associated  ncticn 
reversals  seem  to  account  for  the  observed  increase  in  fuze  timic. 

ti.T.e 
(sec.) 

5.20 

3.10 

3.00 

2. JO 

2.30 

2.70 

2.50 

0 .1  .2  .3  ...  .5 

Coefficier.c  if 
Hestitution  « 

Figure  13  Influence  of  Coefficient  of  Restitution  on 
Fuze  Dela;f  Time 
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